Background The inability to obtain complete diagnoses with transthoracic echocardiography in many adults with congenital heart disease provided the incentive to evaluate prospectively the individual and combined roles of magnetic resonance imaging (MRI) and transesophageal echocardiography (TEE) as "second-line" techniques for unresolved diagnostic problems.
In recent years, the cardiological community has been made aware of the special needs of adolescents and adults with congenital heart disease.1-8 In these patients, in contrast to neonates and small children, the diagnostic information provided by transthoracic Doppler echocardiography (TTE) is often incomplete because of the larger body, associated chest deformities, and paucity of echo windows. This provides the incentive for evaluating other imaging techniques in the hope of avoiding or reducing the number of diagnostic catheterizations.
Magnetic resonance imaging (MRI) and transesophageal echocardiography (TEE) have been shown to be of value in the diagnosis of congenital heart disease.9-23 As would be expected, most early studies have been mainly descriptive or concerned with validating the new techniques. Only a few have addressed the adult population specifically,9,20 and none have included both investigations in a prospective comparative design.
The purpose of the present study in adolescents and adults with congenital heart disease was to examine prospectively the individual roles of MRI and TEE, to compare the two, and to assess the value of their combination in a wide range of predefined diagnostic problems that are commonly encountered in this patient population. This problem-oriented approach was chosen with the intention of formulating guidelines for the use of either investigation alone or in combination to satisfy the diagnostic needs of an individual patient of this special group. It should be born in mind, however, that because the technologies used are still being developed, the results of the study have to be considered in relation to the equipment and techniques used. As these methods of investigation are costly, more unpleasant, and less readily available than conventional echocardiography, they are assessed as "second-line" techniques after routine methods failed to provide important anatomic or hemodynamic information.
Methods

Patient Population
The Grown-Up Congenital Heart Unit is a referral center for the United Kingdom for patients older than 12 years with congenital heart disease. To determine the accurate anatomic diagnosis and pathophysiological state of newly referred patients or of old patients in the unit who presented a new 12 Repaired, 7 Palliated, 4 (peripheral shunt, 2; central shunt, 1; pulmonary valvotomy, 1) Unoperated, 1 Transposition of the great arteries, 11 Mustard atrial baffle, 5 "Palliative-Mustard" (PHT), 3 VSD and PS, Rastelli repair (conduit), 2 Pulmonary hypertension-atrial septectomy, 1 Pulmonary atresia with ventricular septal Repaired (conduit), 4 defect, 9 Palliated, 2 Unoperated, 3 Double-inlet left ventricle, 9 With pulmonary stenosis, 6 (shunt, 1) With pulmonary hypertension, 2 With large systemic-to-pulmonary shunt (mild PS), 1 Atrial septal defect, 6 Primum, 1 Secundum, 3 Sinus venosus, 2 (superior, 1; inferior, 1) Ventricular septal defect, 6 With pulmonary stenosis, 4 With pulmonary hypertension, 2 Corrected transposition of the great arteries, 5 Repaired, 1 With pulmonary stenosis, 3 With pulmonary hypertension, 1 Double-outlet right ventricle, 4 With pulmonary stenosis, 3 With pulmonary hypertension, 1 Tricuspid atresia, 3 With pulmonary stenosis, 3 Other, 20 Atrioventricular septal defect, 2 Aortic coarctation, 2 Pulmonary atresia with intact ventricular septum, 2 Absent left connection (mitral atresia), 2 Common arterial trunk, 2 Aortic stenosis, 2 Double-outlet left ventricle, 2 Left isomerism, 2 Right isomerism, 1 Pulmonary valve stenosis, 1 LEOPARD syndrome, hypertrophic cardiomyopathy, 1 Constrictive pericarditis after aortic valve surgery, 1 VSD indicates ventricular septal defect; PS, pulmonary stenosis; and PHT, pulmonary hypertension. diagnostic problem, the information available from their medical and surgical notes and previous angiograms was examined, and the patients had a diagnostic work-up that included physical examination, ECG, chest radiograph, and TTE. When after such assessment the information was considered insufficient for patient management or documentation by the initiators of the study, the patient was enrolled. Normally, the patient would have been referred to cardiac catheterization at this stage. From August 1991 through December 1992, 85 patients were eligible for the study. This was a consecutive and inclusive group of patients meeting the inclusion criteria, but patients with a Fontan-type operation were studied under a separate protocol.
Fifty-two were male and 33 were female (age range, 12 to 57 years; mean, 29.6 years). Fifty-six had previous operations, palliative or definitive, 39 were new patients, and 46 were previous patients presenting a new diagnostic problem. Table 1 shows the underlying congenital anomalies and operations.
The patients were asked to have MRI and TEE after receiving a full explanation of the techniques and reasons for the study. Written consent was obtained (by patient or parent, as appropriate). Eighty-one of 85 patients agreed to have both MRI and TEE, 2 refused TEE, and 2 with permanent pacemakers were excluded from MRI. The study was approved by the hospital's ethics committee.
MRI and TEE-Referral
A summary of the existing diagnostic information was prepared for each patient, concluding with a list of the remaining diagnostic problems, as defined by the initiators of the study and listed as far as possible in order of clinical significance. It should be stressed that for each patient, at least some of the diagnostic problems were crucial for clinical decisions or for understanding the fundamental pathophysiology of the disease, as it would be unethical to proceed with unpleasant and costly investigations for inconsequential documentation. However, once the decision was made to include a patient in the study, it was appropriate to look for all absent diagnostic information. The physicians in charge of MRI and TEE conducted their investigations according to this list, knowing that evaluation and scoring of each technique were based entirely on its ability to clarify these identical and predefined diagnostic problems, which for the purpose of analysis were divided into 25 categories. Problems relating to anatomic structure were put into anatomic categories that follow the pattern of "sequential anatomy," starting with the venous return to the atria, atrioventricular connections, ventricles, outflow tracts, ventriculoarterial connections, great arteries, and distal arteries. Problems relating to function or hemodynamics were put into separate categories. The 25 diagnostic categories and number of problems in each are listed in Table 2 . Examples of typical diagnostic problems were absence of the hepatic segment of the inferior caval vein, partial anomalous pulmonary venous return, atrial or ventricular septal defect (size? location? restrictive?), direction and magnitude of shunt, Mustard baffle (obstruction? leak?), corrected transposition of the great arteries versus doubleinlet ventricle, concordant versus discordant great arteries, anomalous muscle bundles, straddling atrioventricular valve, mechanism of outflow obstruction, severity of valve dysfunction-regurgitation fraction, conduit stenosis, patency of Blalock-Taussig shunt, native collaterals (number? size? distal connections?), congenital coronary anomaly, atherosclerotic coronary artery disease, pulmonary branch stenosis, and pulmonary vascular resistance. MRI and TEE were performed independently, and their interpretations remained mutually blinded. Only one study per patient per technique was permitted. When clinically indicated, studies were repeated but were not included in the analysis. Most patients were studied as outpatients with MRI and TEE on the same day. MRI MRI was performed in 81 of 85 patients (95%). It was not performed in 2 patients with a permanent pacemaker, 1 uncooperative patient, and 1 patient for administrative reasons.
A scanner using a 0.5-T magnet (modified Picker Vista 2055) was used in all patients. Anatomic cuts were obtained first with ECG-gated spin-echo images (echo time of 40 milliseconds) in transaxial, sagittal, coronal, and oblique planes.24?25 These were followed by gradient echo studies using field even echo rephasing (FEER) sequences25-28 with echo times of 14 or 6 milliseconds to obtain cine-imaging. This was used for assessment of systolic ventricular function by displaying a simulation of real-time function in at least two perpendicular planes and in some by calculating ejection fraction using software for planimetry. Cine-MRI was used in all problems relating to flow characteristics: direction (eg, the flow across an atrial septal defect), magnitude (eg, the relative flows in the pulmonary artery branches), and timing (eg, the demonstration of premature forward flow in the pulmonary artery in diastolic dysfunction of the subpulmonary ventricle). Cine-MRI was also used for selection of the optimal plane for the acquisition of flow-velocity mapping. These were obtained by subtraction of two interleaved gradient-echo sequences (echo times, 6 or 3.6 milliseconds), one with and one without velocity encoding. Flow-velocity maps obtained in this way can measure jets of up to 6 m/s and can localize the point of peak velocity correlating with the site of maximal narrowing. 25, [29] [30] [31] [32] [33] Slice thickness varied between 6 and 10 mm, and fields of view were generally 40 cm.
MRI took an average of 90 to 120 minutes with an extra 30 minutes for patient preparation.
TEE
TEE was performed in 79 of 85 patients (93%). It was refused by 2 patients, and it was unsuccessful in 4 because of inability to tolerate the probe after intubation. Preparation included a local anesthetic spray to the pharynx in all patients and, when required, intravenous midazolam in incremental doses (range, 2.5 to 15 mg). Five patients had TEE while under a general anesthetic for other reasons (eg, catheterization, noncardiac surgery).
A single-horizontal plane 5-MHz phased-array probe was used in 42 (53%) of the patients (during the earlier period of the study), a biplane 5-MHz phased-array probe was used in 35 (44%), and a multiple-plane probe was used in 2 (3%). All of the probes had M-mode and two-dimensional echo, pulsedwave and color Doppler. A steerable continuous-wave Doppler was available in the biplane, variable plane, and later version of the single-plane probes, for a total of 45 patients (57%). Where assessment of the systolic function of the left ventricle was needed, this was done by calculation of the shortening fraction and direct assessment of wall motion from the transgastric views. Right ventricular systolic function was assessed from at least two perpendicular planes. In patients assumed to have normal pulmonary pressure, diastolic dysfunction of the pulmonary ventricle was diagnosed by demonstration by MRI or TEE of premature opening of the pulmonary valve and forward flow in the pulmonary trunk.
TEE took an average of 20 to 30 minutes with an additional 20-minute preparation and approximately 1-hour recovery time for patients who required intravenous sedatives. It should be made clear that the transition from single-plane to biplane TEE represents the advances in technology that took place during the period of the study in our institution; thus, they were performed on different patients with different although often similar diagnostic problems, and comparisons between them were not and could not have been subject to the rigid protocol used for comparing TEE and MRI.
Evaluation and Scoring
After an independent report had been prepared for MRI and TEE, the results were evaluated with regard to their ability to answer the predefined diagnostic problems. Conflicting interpretations of MRI and TEE were solved by consensus. On rare occasions of continuing disagreement, evaluation was deferred until further information became available from cardiac catheterization, surgery, or necropsy. Unexpected findings were noted separately.
One point was given for each complete answer and 0 points for no answer. Incomplete answers were noted but were not given points. False-positive results were counted as "no answer" for scoring purposes but were also reported separately.
A score for the performance of MRI or TEE in every diagnostic category was derived from the ratio of the number of points achieved to the number of questions in that category: score (range, 0 to 1) equals the sum of points in category divided by the number of questions in each category. In addition, the 25 diagnostic categories were combined into three major groups: (1) intracardiac anatomy, (2) extracardiac anatomy, and (3) hemodynamics and function. Finally, the total score was calculated for the performance of each technique in all categories combined.
The relative value of a particular modality within MRI or TEE, eg, flow-velocity mapping in MRI or biplane probe in TEE, was derived from a score calculated for all the diagnostic problems for which this modality was used. The individual scores of MRI and TEE were calculated in all the patients who had the investigation (MRI, 81; TEE, 79). However, for the comparison between the two techniques and for assessing the role of their combination, only the 75 patients who had both MRI and TEE were considered, and the individual scores were recalculated. The value of the combination MRI and TEE was assessed by devising an additional set of points for which the information from both investigations was considered as if coming from a single source, ie, 1 point was given if either one gave a complete answer or when incomplete answers jointly gave the complete information. The scores of the combination were compared with the individual ones.
Statistical Analysis
The 95% confidence intervals (CIs) for the scores were calculated from the standard error of proportions in all samples with r (number of points) >5 and n-r (number of points subtracted from number of questions) >5. In small samples (n<30), a continuity correction was used. We did not correct for multiple comparisons.
The significance of the difference between scores was examined with the statistical test for independent proportions.34 P<.05 was considered significant. In diagnostic categories with fewer than 30 questions, a continuity correction was used. When a test became nonsignificant after this correction, it is marked by an asterisk (NS*). A two-tailed P value is given for the difference between individual MRI and TEE scores and between single-plane and biplane TEE. A single-tailed P value is given for the difference between the combination of MRI plus TEE and any of the individual scores.
Results
The total number of diagnostic problems in 85 patients was 393 (mean, 4.6 questions per patient). There were 352 problems identified in 75 patients (89%) for which both MRI and TEE were used. The remaining 41 problems were in patients who had only one investigation: 22 in 6 patients who had MRI and 19 in 4 patients who had TEE. The breakdown of diagnostic categories and number of problems in each appear in Tables 2, 5, and 6.
The diagnostic categories containing the largest number of problems were anatomy of pulmonary artery branches ( 
MRI
In 81 studies, MRI provided 197 complete answers to a total of 374 diagnostic problems, resulting in a total score of 0.53 (197/374; CI, 0.05). In addition, it provided 66 incomplete answers. MRI results according to diagnostic categories are listed in Table 2 .
MRI was found to be effective for delineating the anatomy of extracardiac structures (score, 0.75; 95% CI, 0.08) and least effective for intracardiac anatomy (score, 0.35; 95% CI, 0.07).
The highest scores for specific diagnostic categories were 0.88 for pulmonary artery branch anatomy, 0.86 for aortic arch, 0.84 for surgical shunts, and 0.81 for pulmonary ventricular function. The lowest scores were 0.09 for atrial morphology, 0.10 for coronary arteries, 0.11 for endocarditis/thrombosis, and 0.15 for atrioventricular valve structure.
Cine-MRI was used to clarify 92 of the 374 diagnostic problems (25%), eg, assessment of ventricular function, identification, and measurement of shunts. It gave 66 complete answers (score, 0.72; CI, 0.09) and 14 incomplete answers. Flow-velocity mapping was performed for 27 diagnostic problems requiring the assessment of pressure gradients and provided answers in 19, giving a score of 0.70. Flow-velocity mapping was indicated for 8 additional problems but was not performed because of time constraints. Together, cine-MR and flow-velocity mapping contributed 85 of the total 197 MRI points (43%), with the remainder coming from the more conventional spin-echo imaging.
MRI resulted in eight false-positive findings. The correct diagnoses were made by TEE in four, cardiac catheterization in three, and ultra-fast CT in one. Table  3 shows the list of false-positive findings together with the correct diagnoses.
Ten of the MRI findings were classified as "unexpected" as they were not related to the predefined questions; they are listed in Table 4 .
Most MRI studies took between 1.5 and 2 hours. Two hours appeared to be the longest period tolerated by the patients. No claustrophobia was encountered.
TEE
In 79 studies, TEE gave complete answers to 187 of the total 371 diagnostic problems, resulting in a total score of 0.50 (187/371; CI, 0.05). In addition, it gave 60 incomplete answers. Table 5 shows the TEE scores according to the diagnostic categories. TEE was good for anatomy of intracardiac structures (score, 0.72; CI, 0.07), but it performed poorly in extracardiac anatomy (score, 0.23; CI, 0.08).
The highest scores for specific categories were 1.0 for systemic ventricular function, 0.94 for atrioventricular valve structure, 0.86 for pulmonary ventricular function, 0.86 for atrial morphology, and 0.83 for pulmonary venous compartment after the Mustard operation. The lowest scores were 0.0 for pulmonary artery branches, 0.0 for assessment of pulmonary flow-to-systemic flow ratio, 0.11 for pulmonary artery pressure, and 0.13 for surgical shunts.
Single-plane TEE was used for a total 185 diagnostic problems (50%) in 42 patients, and biplane or multiplane TEE was used for 186 problems (50%) in 37 patients. Table 5 shows the relative contributions to the TEE scores by single-plane and biplane TEE and the significance of the differences between them.
Biplane mode was better than single plane in the total score and in two of three grouped categories. For intracardiac anatomy, where both were at their best, there was no statistically significant difference between the two: single plane, 0.66; biplane, 0.78. The total score was 0.42 for single plane and 0.59 for biplane TEE (P<.0001). Specific diagnostic categories for which biplane TEE was found to be better were subpulmonary outflow, pulmonary valve, and main pulmonary artery (biplane, 0.86; single plane, 0.33; P<.001), pulmonary veins (biplane, 1.0; single plane, 0.43; P<.02), and ventriculopulmonary conduits (biplane, 0.66; single plane, 0; P<.02).
There were four false-positive TEE diagnoses. They are listed together with the correct diagnoses in Table 3 . Two correct diagnoses were given by MRI and two by catheterization.
Eleven unexpected findings are listed in Table 4 .
Most TEE studies took 20 to 30 minutes from intubation. Explanation of the procedure and patient preparation took approximately 20 minutes. Some patients who required heavier sedation needed a room in which to recover for 1 to 2 hours.
Comparison of MRI With TEE and the Value of Their Combination
The 75 patients who had both MRI and TEE form the substrate for the comparison between the two diagnostic techniques and for the evaluation of their combined use. TEE dominated in the diagnosis of intracardiac anatomy (score, 0.71), and MRI dominated in the diagnosis of extracardiac anatomy (score, 0.76) ( Table  6 ). Both had intermediate results in hemodynamics and function with an advantage to MRI (MRI, 0.58; TEE, 0.41), and MRI was weakest in intracardiac anatomy (0.34) and TEE was weakest in extracardiac anatomy (0.23).
The total score for the combination of MRI and TEE was significantly better than the individual total scores: MRI plus TEE was 0.80 compared with 0.52 for MRI (P<.0001) and 0.50 for TEE (P<.0001). The combination was compared with the higher of the individual scores in the grouped diagnostic categories and found to be significantly better for intracardiac anatomy (0.84) compared with TEE (0.71; P<.003) but not for extracardiac anatomy (0.84) (MRI, 0.76; P=NS) or hemodynamics and function (0.67) (MRI, 0.58; P=NS). The analysis of specific diagnostic categories showed the combination to be superior for ventricular anatomy (1.0) (TEE, 0.76; P<.05) and marginally better for ventricular septal defects, ventriculoarterial connections, and pulmonary outflow, valve, and artery.
In 18 of the 25 diagnostic categories, MRI, TEE, or their combination gave scores of 0.75 or more. These contained 272 of the 352 diagnostic questions (77%). In 8 of these 18, scores were as high or higher than 0.90. These satisfying results are derived exclusively from complete answers. Although not quantified, additional information was available from incomplete answers and unexpected findings, thus further increasing the diagnostic value.
Neither MRI, TEE, nor their combination answered satisfactorily the following four diagnostic categories, which included 34 of 352 (10%) of the problems: pulmonary artery pressure and resistance (0.22), atrioventricular valve function (mainly, quantification of regurgitation) (0.33), anatomy of congenital aortopulmonary collateral vessels (0.40), and the anatomic distribution of the coronary arteries (0.44).
The majority of adult patients with congenital heart disease in 1992 did not justify routine diagnostic cardiac catheterization unless there were specific un- and underwent autopsy. The hemodynamics in those who did undergo catheterization correlated closely with velocity gradient prediction by both techniques. Four of 11 false-positive findings (one was incorrectly diagnosed by both MRI and TEE) were revealed by cardiac catheterization; these were juxtaposition of the atrial appendages, interpreted by TEE as a left superior vena cava; a patent central shunt that was reported by MRI to be occluded; exclusion of a patent arterial duct reported by MRI; and the diagnosis of a large Mustard baffle leak that was misdiagnosed by both MRI and TEE as pulmonary venous baffle obstruction. The other 7 were initially diagnosed by MRI, TEE, and computed tomography and later confirmed by catheterization. Surgical and autopsy findings did not contradict any of the MRI or TEE findings, but in two cases autopsy revealed additional important informationa single coronary artery in a patient with pulmonary atresia and intact ventricular septum and an outflow tract obstruction of the systemic right ventricle by an abnormal atrioventricular valve in a patient with corrected transposition of the great arteries. 
Discussion
The natural history of congenital heart disease has changed dramatically during the past 30 years, creating a new and increasing population of adolescents and adults with complex cardiac anomalies. 8, 35, 36 The diagnostic problems in these patients are often different from those in childhood, relating to the residuae and sequelae of previous surgery and to the changes in form FIG 2. Cine-magnetic resonance image in the transverse plane of a patient with radical repair of pulmonary atresia and ventricular septal defect. A turbulent jet is seen directed from the posterior aspect of the ascending aorta into the right pulmonary artery, representing a residual shunt through a previous Waterston anastomosis that was reported to have been closed at the time of definitive repair. The left-to-right shunt was calculated to be 21. Ao indicates aorta; RPA, right pulmonary artery; and LPA, left pulmonary artery. and function of the heart and vessels that result from the length of time that the patient has had the disease. Unexpected, almost unimaginable pathology occurs.
TTE is invaluable for routine follow-up studies but often does not provide the diagnostic information required for clinical decisions and scientific documentation. A basic problem is that those unfamiliar with the particular problems of adult congenital heart disease may not be aware of the information that was or might be missed by the routine "first-line" tests. Thus, many lesions, some important, remain undiagnosed for many years. In this study, there were a large number of newly referred patients (designated tertiary and quaternary referrals) in whom the basic malformations had been labeled many years earlier by less-than-optimal diagnostic means, and later studies perpetuated the diagnostic errors. Under such circumstances, clinical decisions throughout the years may have been suboptimal or even incorrect. The other patients in this study were old patients of the Grown-Up Congenital Heart Unit who presented with a clinical problem that could not be adequately explained by existing diagnostic information or for whom treatment could not be offered on the grounds of available information. Once the diagnostic objectives were clear, the value of different techniques could be judged. It was in this setting that MRI and TEE were assessed prospectively. MRI MRI gave complete answers to a little more than half of all diagnostic problems (score, 0.52) and additional information in the way of incomplete answers and unexpected findings. It had the advantage over TTE of imaging in any desired plane chosen by the operator to include the subject of interest and related structures. This was useful for clarification of complex relations of structures in space. All the structures in the thorax are equally "accessible" to MRI, without the echocardiographic limitations of a near and far field or restrictive windows of access. This explains the excellent scores MRI received for extracardiac structures and its contribution to clarification of the position of cardiac structures relative to thoracic landmarks (Fig la and lb) . Traditionally, MRI has been regarded as a diagnostic technique that provides tomographic anatomic information. Recent studies from our institution and others emphasize the importance of incorporating dynamic gradient-echo studies-cine-MRI and flow-velocity mapping-for assessing ventricular function,37 identification and quantification of flow25-28,38,39 (Fig 2) , valve and conduit obstruction,31-33 and regurgitation.40 Cine-MRI may help to validate anatomic information from spin-echo images. For example, early in this study there were three false diagnoses of atrial septal defects, but such mistakes were avoided later when cine-MRI was used routinely to distinguish between true and apparent defects.
Magnetic resonance flow-velocity mapping (Fig lc) was used to calculate pressure gradients by application of the modified Bernoulli equation. Magnetic resonance flow-velocity mapping combines the advantages of continuous-wave and pulsed-wave Doppler as it enables both measurement and localization of high-velocity jets (up to 6 m/s). Also, in contrast to echocardiographic techniques, velocity assessment is not limited to an arbitrary angle dictated by the acoustic window, but rather it can be selected from an unlimited number of planes by manipulation of the direction of the magnetic gradient. Pulmonary systolic and diastolic pressures were calculated from the combination of flow-velocity maps that were appropriate for each case: tricuspid or pulmonary regurgitation, transventricular gradients, and, when necessary, from systemic blood pressure measured with a sphygmomanometer cuff. Unfortu- nately, in many patients, time constraints did not permit the acquisition of all the needed flow-velocity maps, resulting in a low score for this problem.
Both cine-MRI and velocity maps contributed significantly to the diagnostic yield of MRI, together accounting for 43% of all of the complete answers. Cine gradient-echo imaging is now almost universally available, but manufacturers have been slow to incorporate velocity mapping into MRI systems. Having shown in this study the clinical usefulness of cine-MRI and flow-velocity mapping, we recommend that these gradient-echo techniques be routinely incorporated into MRI studies in adults with congenital heart disease.
Time is the greatest limitation of MRI with the currently available equipment and software. The study design limited MRI to one diagnostic session, which usually lasted approximately 90 minutes but sometimes lasted 2 hours. With a mean of 4.6 diagnostic problems per patient and some having 10, velocity maps had to be omitted in some patients, and quantitative assessment of regurgitation was not attempted in any patients. It is likely that time constraints had a wider and less welldefined influence on other results as well. The magnet and software used for the study were more than 8 years old. Had we been able to use the most recent advances in rapid imaging and data handling, the MRI score would likely have been higher.
Another important limitation of MRI was the poor demonstration of thin and mobile structures. Both atrioventricular and semilunar valves were poorly visualized, as were parts of the interatrial and interventricular septum and the walls of structures such as the coronary sinus and atrial appendages. The slice thickness of 6 to 10 mm made identification difficult of small or narrow structures such as parts of the systemic venous compartment after Mustard's operation. More slices could have been obtained from the area of interest but only at the expense of time. This explains the low diagnostic yield of MRI in intracardiac structures (score, 0.34).
The lack of a signal from calcified tissue on spin-echo imaging results in surgical conduits narrowed by calcification misleadingly appearing to be wide. Cine-MRI should be routinely performed to exclude conduit stenosis, and if marked turbulence is evident flow-velocity mapping should follow.32 '41 Although MRI accurately delineates the anatomy of the central pulmonary arteries and can identify the aortic origin of major collateral vessels,3242-44 it failed to demonstrate the intrapulmonary segments of the arteries and collaterals, thus making the diagnosis of peripheral stenoses impossible.
Sluggish blood flow appears bright on spin-echo images in contrast to normal flow, which appears black. This may be wrongly interpreted as clot, which cannot be ruled out by cine imaging or velocity mapping, as was the case in a pulmonary hypertensive patient in whom an MRI diagnosis of a large obstructive clot in the left pulmonary artery was later excluded by ultrafast CT (Fig 3) .
Pacemakers are an absolute contraindication to MRI. ECG gating results in image deterioration when cardiac rhythm is irregular. The four patients with atrial fibrillation in this study had impaired image quality, although their studies remained informative. Image quality varies among individuals as a result of body movement, breathing patterns, and probably other unknown factors.
Metal objects in the chest cause artifacts, particularly with gradient-echo studies. With the increasing number of interventional therapeutic devices such as umbrellas, coils, and stents, as well as surgically placed metal prostheses, there may be an important reduction in diagnostic capacity of MRI in the future. In the patients of this study, most valve replacements were homografts.
Patients' tolerance of MRI is usually good, and most patients in our study found it more agreeable than the TEE performed earlier on the same day. However, sometimes anxiety is caused by the narrow patient tunnel and the noise, especially during gradient-echo imaging.
MRI is not yet widely available, especially not for cardiological use. It is relatively expensive (approximately $600 at our institution) and should be performed by personnel with expertise in both MRI techniques and congenital heart disease. Ideally, a cardiologist experienced in MRI should perform the investigation, or at least be present when it is performed. The MRI system used in this study was unusual in its velocity mapping capabilities, but in other respects it was not an advanced system. Rapid scout imaging and multislice cine imaging capabilities, now standard in most cardiac MRI systems, were not available. Significant improvements in MRI diagnostic performance should be possible with improvements of both hardware and software. TEE TEE solved completely half the diagnostic problems (score, 0.50) and gave additional information in the way of incomplete answers and unexpected findings. It was particularly useful for intracardiac anatomy (score, 0.72). Being an echocardiographic technique, it has the same characteristics as TTE but enjoys a unique window that entails many advantages. The location in the esophagus in immediate proximity to the posterior structures of the heart avoids interference from lung tissue and bone. The short distance enables the use of a 5-MHz probe with a better axial resolution compared with 2.5/3.5 -MHz used transthoracically in adults. The acquisition of images in real time and the excellent detail of thin structures have been shown in this study and others to make TEE an unrivaled method for examining the atrioventricular valves with their chordal attachments2045; semilunar valves, atrial septum, and appendages46-48; Mustard baffle20,49 (Fig 4a and 4b) ; and proximal coronary arteries, especially the left.50 Myocardial bundles, thrombi, and vegetations are also easily identified51-53 ( Fig 5) . Important physiological information is derived from careful Doppler studies, as exemplified in Fig 4c and 4d . The addition of the vertical plane has made an important contribution to TEE,54 which was evident from the total scores: 0.42 for single plane and 0.59 for biplane (P<.0001). The vertical plane made the greatest impact on the evaluation of the right ventricular outflow tract, pulmonary valve and main pulmonary artery, ventriculoarterial conduits, and pulmonary veins (especially the lower ones). The second imaging plane has not only extended the field of view to show more structures but also improved the recognition of structures already seen in the horizontal plane, by providing the opportunity for them to be studied from different angles (Fig 6) . Jet alignment for velocity measurements became easier with the increasing number of imaging planes. However, even with biplane TEE, it is often difficult in any one patient to get all the velocity measurements required for computation of pulmonary artery pressure. A prototype multiplane probe, which theoretically can minimize the problem of alignment with jets, was available for studying two patients,55 but larger experience is needed for its comparison with the biplane probe.
The right pulmonary artery is usually visualized well in both horizontal and vertical planes (Fig 5) , but the left pulmonary artery cannot be seen because of interposition of the bronchus. This resulted in all TEE answers in relation to pulmonary arteries being incomplete, giving a score of 0. The ascending and descending aorta are well visualized with biplane TEE, but the views of the arch are often incomplete. TEE was useful in two patients with aortic coarctation but because MRI is excellent for this question and periodic follow-up studies are usually indicated, TEE is not of practical value in this regard. The origins of large collateral vessels from the descending aorta can be seen, but they cannot be followed into the lung. Other extracardiac structures such as peripheral surgical shunts are usually too far away from the transducer to visualize, which explains the low TEE score (0.23). TEE is not pleasant for the patient, particularly young adults who appear to be more apprehensive and less cooperative than older patients. The procedure duration in this study was longer than in our experience with acquired heart disease, sometimes reaching 30 minutes. The local anesthetic spray wears off toward the end of long investigation, and respraying with the probe in situ is difficult. Intravenous midazolam is effective in most patients but can cause confusion and reduce cooperation in others. We found that many patients, even adolescents, did better without intravenous sedatives after an adequate explanation of the procedure. There were four patients (5%) in whom the procedure failed despite successful intubation because of intolerance of the probe, which could not be reversed with increasing the dosage of midazolam. The question is whether a general anesthetic may be justified in patients who may be at high risk for heavy sedation as outpatients.
No hemodynamic, arrhythmic, or gastrointestinal complications were encountered in this study, despite the serious clinical conditions of many of the patients. Although the risk of bacterial endocarditis from TEE is considered to be small and routine antibiotic prophylaxis has not been recommended,56,57 one patient who had a relatively traumatic intubation was admitted 4 weeks later with Streptococcus viridans endocarditis that was attributed to the procedure. TEE for congenital heart disease requires a cardiologist familiar with the various congenital malformations and their natural history. He or she should be able to interpret the findings in real time; otherwise, important information may not be acquired. 
Combination of MRI and TEE
The study design simulated the logical clinical application of diagnostic methods. It was not intended to assess the sensitivity and specificity of the two techniques but rather to quantitate the additional diagnostic contribution made by each after more readily available tests had been performed. The scoring system was rigid in recognizing only complete answers. In clinical practice, a compromise is often acceptable; for example, the demonstration of two or three of the four pulmonary veins would be considered valuable. Despite the rigid method of evaluation, this study in adolescents and adults with congenital heart disease clearly shows that MRI and TEE are important second-line investigations. Either one on its own provides more than half of the prospectively defined missing information, but their diagnostic roles are different. TEE is superior in defining the intracardiac anatomy, and MRI is most useful for extracardiac structures. For specific diagnostic categories, there is a clear advantage of one investigation over the other so that the addition of the second is not likely to increase the diagnostic yield. The combination proved to be significantly better only for one specific category-ventricular anatomy-and marginally better for systemic veins, ventricular septal defects, and ventriculoarterial connections. The superiority of both for ventricular anatomy results from TEE allowing identification of the morphology of the ventricles but not always providing a clear picture of their relations to each other and to other thoracic landmarks, for which the addition of MRI is indicated (Fig la and lb) . The combination of MRI and TEE is likely to be needed in many patients with complex malformations in whom the wide range of diagnostic questions are unlikely to be answered by any one method. This complementary role of MRI and TEE is evident from the significantly better total score achieved by their combined use compared with their individual use (MRI, 0.52; TEE, 0.50; MRI plus TEE, 0.8; P<.0001). The score of 0.8 achieved by the combination of MRI and TEE shows that almost all diagnostic problems can be answered by having both techniques available. However, the following diagnostic problems may remain inadequately answered after both MRI and TEE and require cardiac catheterization and angiography. Pulmonary vascular resistance is derived from pulmonary pressures and blood flow. Although theoretically feasible by both MRI using flow-velocity mapping and cine techniques and echo-Doppler, this is cumbersome, time consuming, and prone to cumulative inaccuracies. Both techniques are unsuitable for repeating measurements after the patient breathes pure oxygen. Angiography is still unrivaled for delineation of aortopulmonary collaterals, distal pulmonary artery branches, and coronary arteries, particularly for exclusion of atherosclerotic disease in older patients.
Even when cardiac catheterization cannot be avoided after MRI and TEE, it becomes a shorter and safer procedure, with less radiation and dye, being not only a desirable goal on its own but also enabling planned interventional procedures to take place at the one investigation.
We conclude that MRI and TEE are invaluable second-line techniques for adolescents and adults with tine tests failed to provide a complete diagnosis. By detailed analysis of 25 diagnostic categories, made possible by accumulating more than 350 diagnostic problems, the strengths and weaknesses of each technique are highlighted to enable their judicious use. Units specializing in the care of adults with congenital heart disease should have access to both MRI and TEE and be familiar with their use in this special group of patients because they will improve the quality, safety, and ease of diagnosis.
